Abstract Radiation-induced damage to living cells results from either a direct hit to cellular DNA, or from indirect action which leads to DNA damage from radiation produced radicals. However, in recent years there is evidence that biological effects such as cell killing, mutation induction, chromosomal damage and modification of gene expression can occur in a cell population exposed to low doses of alpha particles. In fact these doses are so low that not all cells in the population will be hit directly by the radiation. Using a precision alpha-particle microbeam, it has been recently demonstrated that irradiated target cells can induce a bystander mutagenic response in neighboring "bystander" cells which were not directly hit by alpha particles. Furthermore, these results suggest that gap-junction mediated cellto-cell communication plays a critical role in this bystander phenomenon. The purpose of this section is to describe recent studies on bystander biological effects. The recent work described here utilized heavy charged particles for irradiation, and investigated the role of gap-junction mediated cell-cell communication in this phenomenon.
Introduction
The term "bystander effect" has been adopted from gene therapy literature where it usually refers to the killing effect of some agent on different types of tumor cells when only one type of cell within a heterogeneous population is targeted (Freeman et al., 1993) . The bystander effect describes the ability of cells affected by an agent to convey manifestations of damage to other cells not directly targeted by the agent. Some possible models explaining the radiation-induced bystander effect were recently reviewed by Azzam et al (2003) , and of special interest are reports indicating that some signal or signals generated by an irradiated cell are transmitted to unirradiated cells through gap-junction mediated cell-cell communication ( Fig.1) , and also reports indicating that some factor or factors were secreted from an irradiated cell into the culture medium (such as radiation-induced free radicals) which affected unirradiated cells in the vicinity. While circumstantial evidence in support of a bystander effect appears to be consistent, direct proof of such extracellular effects are most convincingly demonstrated using charged particle microbeams. This review is focused on work investigating the radiationinduced bystander effect induced by broad low-fluence charged particle beams or microbeams, which appear to work through a mechanism utilizing gap-junction mediated cell-cell communication.
Role of gap-junction mediated bystander effects after exposure to low fluences of alpha-particle irradiation
There are reports that biological effects occur in "bystander cells" which were not hit directly by radiation, but which appeared to receive some signals from irradiated cells in their neighborhood. These studies used broad beams of alpha particle radiation with low fluences. Nagasawa and Little (1992) first demonstrated increases in sister chromatid exchanges (SCE) in about 30% of the cells in a culture, although less than 1% of the cell nuclei in the population was actually irradiated with 3.7 MeV 238 Pu alpha particles. Furthermore, they observed a higher than expected rate of mutation induction using very low doses of alpha particles (Nagasawa and Little, 1999) . Prise et al. (1998) also reported bystander effects in the rates of micronuclei formation and apoptotic cell death in normal human fibroblasts exposed to low doses of alpha particles from a 238 Pu source. In another study, Hickman et al. (1994) reported observing an induced accumulation of p53 tumor suppressor protein in a rat lung epithelial cell strain. This accumulation of p53 protein was higher than would have been expected from a calculation based on the actual number of nuclei traversed by alpha particles from a 238 Pu source. These observations cannot completely rule out some possible mechanisms which could account for a bystander effect induced by low fluences of alpha particles. However, there are reports which present evidence for the transmission of signal(s) capable of inducing some damage in bystander cells, and these reports suggest that a signal is transmitted from directly irradiated cells to non-irradiated bystander cells via gap-junction mediated cell-cell communication. Azzam et al. (1998 and demonstrated an involvement of connexin 43-mediated cell-cell communication in the transmission of damage signals from irradiated cells to nearby unirradiated bystander cells. Gene expression in the bystander cells was modified after irradiation with a low fluence of 238 Pu derived 3.65MeV alpha particles. Their results showed that the induction of p21
Waf1 protein in gap-junction competent cells exceeded the fraction of cells, whose nuclei had been traversed by alpha particles. Moreover, these changes in p21
Waf1 expression correlated with both, the induction of micronuclei and an increased Ser-15 phosphorylation of p53. At the chromosomal level, a bystander effect involving chromosome damage induced by low fluences of alpha particles has been reported using wild-type and DNA strand-break repair deficient Chinese hamster ovary (CHO) cell lines (Nagasawa and Little, 2002) . This work suggests that the relatively small bystander effect seen in the wild-type cell line was due to proficient double-strand break repair because a significantly enhanced bystander effect was seen in the repair deficient cell line.
These results clearly suggest that radiobiological effects may be induced in non-irradiated bystander cells (which are not actually traversed by an alpha particle). These biological effects are observed at the level of DNA and at a cellular level, and these biological effects in bystander cell populations are not restricted by the response of individual bystander cells to any direct DNA damage which they might receive. This bystander phenomenon may have important implications for estimating the risk of carcinogenesis after exposure to low fluences of alpha particles; for example, in estimating the risk of lung cancer developing as the result of exposure to alpha particles emitted from radon.
Role of gap-junction mediated bystander effects after exposure to low fluences of heavy ion irradiation
There are numerous reports of bystander effects after exposure to low fluences of alpha particles. However, only a limited number of studies have examined gapjunction mediated bystander effects after exposure to low fluences of ion species heavier than helium. This laboratory has been investigating bystander cellular responses in normal human fibroblasts irradiated with low-fluence beams of low energy carbon ions. Irradiation dishes were constructed by drilling 6.5mm holes in the center of 35mm-diameter tissue culture dishes and then attaching a 2.5µm-thick Mylar film over the bottom of the hole to provide a window for low-energy carbon ion beams. Cells were inoculated onto the Mylar film in the dishes and then irradiated with 6MeV/n carbon ions at a fluence of 1.5 x 10 5 particles/cm 2 . The beam was generated by the Medium Energy Beam Course at the Heavy Ion Medical Accelerator in Chiba (HIMAC). Cells were exposed using 4 different protocols; (1) Cells were irradiated with all of the cells on the Mylar film; (2) Cells were irradiated with half of the cell population on the Mylar film; (3) Irradiated cells and un-irradiated control cells were pooled in a 1:1 ratio and plated as a single culture; and (4) Half of the cells were irradiated and treated with a specific inhibitor of gap-junction mediated cell-cell communication (40µM lindane). These results are summarized in table 1. Cell killing, which was assayed with a colony formation assay, showed that the surviving fraction of the irradiated group (2) in which only half of the cells were irradiated was almost the same as for group (1) in which all the cells were irradiated. In addition, a similar level of survival was seen in the group in which half of the cells were irradiated and treated with the inhibitor of cell-cell communication (group (4)), and in the mixed population group (3). Pooling the irradiated and unirradiated cells after irradiation probably blocks cell-cell communication because there is insufficient time for gap junctions to form and transmit any signals present in the irradiated cells immediately after irradiation. The bystander effect is probably blocked because the junctions form too late to transmit signals for bystander cellular effects. Mutation induction, which was scored as the number of 6-thioguanine resistant clones arising at the HPRT locus, showed the same trend as the cell killing effect. Thus there is evidence that the bystander effect for both cell killing and mutation induction occurred in the un-irradiated half of the cells in group (2) in which only half of the cells were irradiated. Since lindane apparently inhibited these effects, this suggests that gap-junction mediated cell-cell communication may play an important role in the induction of the bystander effect.
These results suggest that bystander biological effects can be induced by low fluences of ions heavier than alpha particles. This phenomenon may have very important implications in estimating the risks to astronauts exposed to low fluences of ion beams from cosmic radiation.
Role of gap-junction mediated bystander effects after irradiation with a charged particle microbeam
Attempting to produce an average fluence of one particle per cell nucleus using a charged particle broadbeam for irradiation would result in approximately 1/3 of the cell nuclei being hit by no particles, and 1/3 of the nuclei being hit by two or more particles. This situation makes it very difficult to determine the biological effects of a single particle hitting the nucleus, and to accurately interpret the effects in nearby bystander cells. Charged particle microbeam irradiation permits targeted cells to be irradiated with an exact number of particles and in a very precise location such as the cell nucleus or cell cytoplasm. Studies using charged particle microbeams are probably the most straightforward method to use to demonstrate bystander effects.
The Gray Cancer Institute in the United Kingdom has a microbeam facility which can be used for targeted cellular irradiation with 100keV/µm 3 He ions (Folkard et al., 1997a; Folkard et al., 1997b) . Using this microbeam irradiation system, Prise et al. (1998) showed that targeting individual alpha particles to four cells within a population of primary human fibroblasts produced more micronucleated and apoptotic cells than would be expected on the basis of only a simple direct effect. Belyakov et al. (2001) studied bystander responses using a microbeam irradiation system in both in vitro and in vivo like conditions. They targeted individual primary human fibroblasts within a population of 600-800 cells with 0, 1, 3, 5, 10 and 15 helium ions. When they assayed the cell populations 3 days later, even though only a single cell had been targeted in the cultures, an additional 80 to 100 damaged cells were observed in the surviving populations. Similar results showing a 2-to 3-fold increase in the background level of damage present in the cell populations were observed whether 1 or 4 cells were targeted within the irradiation dish. Using in vivo like multicellular systems, explants of primary normal urothelium were placed in culture and a total of 10 individual cell nuclei were irradiated with 10 helium ions, either on the periphery of the culture, where proliferating cells were located, or at the center of the explant outgrowth which consisted of terminally differentiated cells. A larger than expected fraction of micronucleated and apoptotic cells was observed, suggesting that significant bystander-induced damage was present (Belyakov et al., 2003; Prise, 2002; . These results provide evidence that bystander effects could be involved in micronuclei formation and apoptosis in both cultured primary human fibroblasts and in in vitro models of tissue. The results from the Gray Cancer Institute show that bystander effects are observed when cells are growing with large distances separating them (Prise et al., 1998; Belyakov et al., 2001) , suggesting that radiation induced soluble factors could be involved in generating bystander effects.
Another microbeam facility is located at the Radiological Research Accelerator Facility of Columbia University in the USA . Using a precision charged particle microbeam (5.3MeV alpha particles with 90keV/µm) this group has investigated the bystander effect using cellular and cytogenetic endpoints such as cell death, mutation induction, in vitro neoplastic cell transformation, and chromosomal damage. Sawant et al. (2001) irradiated cells with none, one, two, four or eight alpha particles through the nuclei of all the cells or only 10% of the cells in mouse C3H 10T1/2 cell populations. Their results showed that more cells were inactivated than were actually traversed by alpha particles, and when 10% of the cell population was exposed to alpha particles, the frequency of induced transformation was not less than that observed when the entire cell population was exposed to the same number of alpha particles. These observations of a bystander oncogenetic effect could have significant implications for the estimates of risks after very low-dose radiation exposures. Using Chinese hamster-human hybrid cells (A L cells), Wu et al. (1999) targeted and irradiated the cytoplasm of the cells with either a single or a specific number of alpha-particle microbeams. They observed a significant increase in mutation induction at the CD59 locus, and the mutation spectrum seen in exposed cells detected with a multiplex PCR technique was similar to that seen in unirradiated control cells. Furthermore, they clearly showed that treatment with dimethyl sulfoxide (DMSO), which can scavenge radiation induced free radicals, significantly suppressed mutation induction by 4-to 5-fold to near background levels in the unirradiated cells. In contrast, treatment with buthionine-S-R-sulfoximine (BSO), which can reduce the intracellular glutathione content, led to increased mutation rates. These results strongly implicate reactive oxygen species (ROS) as being mediators of the mutagenic effects observed after cytoplasmic irradiation.
Using the same biological system and microbeam facility, Zhou et al.(2000) showed that irradiation of a randomly selected 20% of A L cells within a population with 20 alpha particles resulted in a mutation frequency at the CD59 locus that is 3-fold higher than expected, assuming no bystander effect. Moreover, analysis of DNA with multiplex PCR showed that the types of mutations observed under these conditions were significantly different from those seen arising spontaneously, or from cells which escaped cytoplasmic irradiation (Wu et al., 1999) , suggesting that different mutagenic mechanisms were involved in the two processes such as nuclear targeted and cytoplasmic targeted irradiations. The bystander mutagenic effect described by Zhou et al. was not modulated by the pre-treatment of cells with the free radical scavenger DMSO. In contrast, cells pretreated with a 40µM dose of lindane significantly decreased the mutant yield (Zhou et al., 2000) suggesting the existence of a gap junction cell-cell mechanism.
In a subsequent study using the Columbia University microbeam irradiation system, exactly one alpha particle was delivered to the nuclei of 5, 10, 20 or 100% of target A L cells (Zhou et al., 2001) . The results indicated that the rates of mutation induction and chromosomal damage observed in populations where known fractions of cellular nuclei were hit suggested that the non-irradiated fraction of the cell populations must have contributed significantly to the response. In observing cellular effects such as mutation induction at the CD59 locus, when 10% of a confluent mammalian cell population was irradiated with a single alpha particle per cell, the mutation yield was similar to that observed when 100% of the cells in the population were irradiated. This effect was significantly eliminated in cells pretreated with a 1mM dose of octanol, which inhibits gap-junction mediated cell-cell communication, and in cells carrying a vector with a dominant negative mutation in connexin 43. At the cytogenetic level, chromosomal damage detected using premature chromosome condensation (PCC) was observed in cell populations. The incidence of chromatidtype breaks was measured in A L cell populations where a single alpha particle was delivered to the nucleus in either 20 or 100% of the cell population. As shown in Fig.2B , in a population where 100% of the cells were irradiated with a single alpha particle, approximately 93% of the cells contained three or more chromatidtype breaks. This result was in sharp contrast to the unirradiated control cell population in which only 10% of the cells contained one chromatid break ( Fig.2A) . If 20% of the cells in the population were irradiated, it would be expected that approximately 75% of the cells would contain no chromatid breaks if there were no bystander effect and that there was no gap-junction mediated cell-cell communication between irradiated cells and unirradiated bystander cells pretreated with a 40µM dose of lindane (Fig.2C) . However, it was observed that only 36% of the cells in this population showed no chromatin breaks (Fig.2D ) compared to an expected 75%. Moreover, the distribution of chromatid breaks observed was clearly different from the distribution observed in the cell culture in which 100% of the cells in the population were irradiated. These results provide clear evidence that directly irradiated cells can induce bystander responses in neighboring cells not directly hit by alpha particles, and produce both cellular and chromosomal effects. In addition, although it is still unclear exactly what percent of the bystander effect is inhibited by the lindane treatment, partially inhibiting the gap junction cell-cell communication process with this treatment partially inhibited the bystander effect, thus providing additional support for the idea that gap junction communication plays a critical role in mediating the bystander phenomenon.
Summary
A number of studies using alpha-particle microbeams have provided important results which may have significance for the evaluation of potential hazards associated with low dose radiation exposure. A single alpha particle per cell nuclei effectively induces bystander effects in different cell types and this bystander effect is observed when measuring different biological endpoints. These observations are important in formulating models of radiation risk assessment, especially for low dose exposures involving alpha particles. This bystander model is important in studying and predicting radiation risks to cell populations exposed to very low doses, where not every cell in the population might be hit by an alpha particle, e.g. such as in lung tissue exposed to environmental radon. The observation that irradiation of as little as 10% of a cell population results in a frequency of mutation induction similar to that seen when an entire cell population is hit indicates that low fluences of alpha-particle irradiation can induce a bystander mutagenic effect in neighboring cells not directly hit (Zhou et al., 2001) . With exposure to lower radiation doses, the bystander effect could dominate the overall cell population response, possibly leading to a significant underestimation of genotoxic risks when compared to the radiation risks extrapolated from intermediate doses where direct effects dominate .
